The native structure of biological macromolecules in living cells has remained largely unexplored because of the lack of suitable methods. Recently, in-cell electron paramagnetic resonance (in-cell EPR), in particular in-cell double electron electron resonance (in-cell DEER), has been introduced for model systems. II -31 Previous reports on in vitro DEER applications to study DNA deal mostly with samples of double helical structure. 14 -7 ] Herein, for the first time, in·cell DEER was successfully employed to study the formation of human telomeric (Hn Gquadruplexes (Figure 1 ) upon microinjection of an unfolded DNA sequence (Figure 1 b) into living cells. G-quadruplexes have been suspected to play important 'roles in cellular processes but their existence in cells is difficult to ascertain. Indeed, induction of quadruplexes at the telomere was shown to interfere with telomere integrity and to inhibit proliferation of cancer cells. [ 
The native structure of biological macromolecules in living cells has remained largely unexplored because of the lack of suitable methods. Recently, in-cell electron paramagnetic resonance (in-cell EPR), in particular in-cell double electron electron resonance (in-cell DEER), has been introduced for model systems. II -31 Previous reports on in vitro DEER applications to study DNA deal mostly with samples of double helical structure. 14 -7 ] Herein, for the first time, in·cell DEER was successfully employed to study the formation of human telomeric (Hn Gquadruplexes (Figure 1 ) upon microinjection of an unfolded DNA sequence (Figure 1 b) into living cells. G-quadruplexes have been suspected to play important 'roles in cellular processes but their existence in cells is difficult to ascertain. Indeed, induction of quadruplexes at the telomere was shown to interfere with telomere integrity and to inhibit proliferation of cancer cells. G-quadruplexes show a high degree of topological polymorphism,lID] and there is evidence of the co-existence of different conformations under physiological conditions. 11l -13 ] The HT sequence d[AGGG(TTAGGGhl has been shown to exist in a 1:1 mixture of parallel propeller and anti parallel basket conformations (Figure 1 c,d ) in K+ solution. 113 ] Potassium is the most abundant metal ion in cells (with concentrations above 100mM), and in addition, concentrations as small as 1 mM K+ can determine the folding of a K+ -dependent fold of the HT structure even in the presence of excess (100mM) Na +. 114 ] In addition to the importance of metal ions, proteins interacting with quadruplexes are also likely to influence the stabi lity and the type of the quadruplex within cells (see below). NMR spectra acquired in cellular extracts suggest that telomeric repeats possibly co-exist as an equilibrium mixture of different topologies; however, the low resolutions of NMR and in-cell NMR do not permit structural interpretation. I1S . 16 ] Herein, we describe long-range distance measurements on the HT DNA repeat utilizing in-cell DEER, which is an EPR technique for determining distance distributions between spin labels in cellulo by measuring their dipole-dipole interaction.117.IS] Since EPR only detects unpaired electron spins, no background from diamagnetic molecules is detected; and low concentrations compared to in-cell NMR spectroscopy can be used due to the higher sensitivity per spin of EPR.
The • 3400 noise ratio of the DEER curve (Figure 3 a) is low. Therefore, a systematic analysis of the influence of all steps in the data post-processing process was performed (see Supporting Information). Finally, model-free Tikhonov regu larization (TR)124) of the DEER curve (Figure 3 a) resulted in a distance distribution (Figure 3 b, blue) with two distinct maxima (see Supporting Information for a statistical analysis). Accordingly, the experimental data were also fitted by a model consisting of two Gaussians curves ( Figure 3 , Table 1 ) centred at 2.0 and 2.9 nm, respectively, with 55 % contribution from the second Ga ussian. The width of this distribution is a resultant of the flexibility of the spin label attached to the trinucleotide 100pS.(9) While other quadruplex topologies, including intermolecular quadruplexes, can be excluded (Supporting Information), the maxima in the distance distribution were assigned to two conformations, namely the parallel propeller and the antiparallel basket form, respectively. Hence, the observation of the 1:1 coexistence of both conformations reported previously for K+ buffer also holds true in cellulo. sample material and obtain directly comparable distance distributions, the sample was thawed after each DEER experiment, incubated at room temperature, and re-frozen for the next inextract DEER experiment. The observed reduced modulation depth of the DEER curves after background correction with increasing incubation time (Figure 4a ) reflects spin-label reduction which did not allow for longer incubation times. To enable monitoring of conformational changes, distance distribution were obtained by modelfree TR (Figure 4b ). These distance distributions, when fitted with two Gaussians, exhibit maxima at 2.00 ± 0.05 and 2.9 ± 0.05 nm. To parameterize changes of inter-spin distances in the cell extract and, accordingly, to evaluate in-cell findings, the maxima of the two Gaussians were kept constant at 2.0 and 2.9 nm, and only their width and ratio were varied. Figure 4 b demonstrates the conformational change from an undefined, open conformation observed in salt-free buffer ( Figure S8 , Supporting Information) to the mixture of para llel propeller and antiparallel basket conformation detected in the cell extract.
The rather slow increase of the fraction assigned to the parallel propeller conformation (peak at 2.0 nm) on a minute time scale suggests that the conformation initially adopted by a G-
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quadruplex injected into cells may not be the one that is adopted in the equilibrium state, as already suggested. i2S J After 20 min incubation, the DEER data indicates that the fraction of the parallel propeller form reaches approximately 50 % (Table 1 ).
In conclusion, we applied in-cell EPR to investigate human telomeric quadruplex formation in the cellular environment of X. laevis oocytes. Moreover, time-dependent in-extract distance measurements allowed monitoring the G-quadruplex folding, thus supporting the in cellulo findings. With the current study, novel in-cell DEER has been shown to provide information on non-canonical DNA structures folding in living cell s, which has hitherto been unachievable.
